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STRUCTURE AND MECHANICAL PROPERTIES OF Fe-Ni-Co-C STEELS
Santosh Kumar Das
Inorganic Materials Researcl Division, Lawrenée Radiation Iaboratory,
Department of Materialb Science and Engineering of the '
College of Engineering,

University of Califor nia, Berkeley, Callfornla

ABSTRACT
Thenétfucture and mechanical properties nf tempered martensite'and
bainite were'investigated in a series of steels with varying C, Ni and Co
contents. At similar Ms temperatures, the martensite in the 0.24% carbon
steels éxhibited very small amounté of twinning cOmpafed ﬁo the 0.u4%
carbon steels. At eéuivaient yield-and.ultimate‘ténsile strenéth‘levels

the mainly untwinned martensite_showediconSidefably higher toughnesé than

"~ the heavily.twinned ones. The addition of cobalt promoted autotempering

of martensite by raising the M temperature. But its addition in excess

of 4% hed a deleterious effect on toughness.

.

The structure of lower bainite showed laths or plates'of‘ferrite.With .

internal c¢arbides but no internal twins. The strength and toughness of

isothermally transformed lower bainite was found to decrease with in-

. creasing transformation temperature. - This was associated with increased

coarsening and grain boundéry precipitation of the carbides.at higher

transformation temperatures. At similar strength levels the toughness

- of lower bainite was found to be supérior to the_heavily“twinned marten~

site, but inferior to that of the mainly untwinned.martensite.' Thus, the
role of microtwins in»loWering the toughness has been demonstrated in :
two ways. Firstly by comparison between the heavily twinned and mainly

untwinned martensite and secondlyjby cbmparing the martensite with bainite.
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I, INTRODUCTION

In recent years considerable interest has grownvin the properties
of bainific structures in steels. High strength baiﬁitic steels ob~
tained'boﬁh by isothermal fransformationl and continuous cooling,e’5
have been succeséfully deveioped.. Néveftheless, congiderable doubt exists
as to whethef at equivalenﬁ strengﬁh levels the balnitic structure is
_tdugher than the tempered martensitic or not. DaVenporﬁ et al.4 have
shown that in a plain carbon stéelv(0.74% C) the toughness of bainite
obtained.by isothermal iransformation at 580°F is hiéher than that éf
tempered martensite. They attribﬁted thig bfittleness in quenched énd
tempered steéls to_thé pfesénce'of ﬁicro~cracks. Similar advantages of
bainitic structurés'have beén reported by Watérhéuse.5 Thé work oOn
91\11-&00-0.1;5_0 high strength steel has also estaialished the superior
toughness of bainite over tempered ﬁ&rtensite at équivalent strength
levels.l Kiinger et al.6 and also Heheméhn ét.ai.7 in their investiga-
tions of AISI 4340 and other steels found the isdthermally'transfbrmed
‘bainitic structure to posséss better toughﬁess than tempered‘marfensitic
structureé. On the‘other hand, oppoéite results héve been réported by‘
others,8~lo Theée latter workers.foﬁnd thé toughness of bainitic sti*uc~
turesito.be poorer than the conventional quenched and tempered ones. It
is interesting to.note.that_theyfhad either low carbon (~0.2% C) steels8
or their isothermal transformaﬁion temperatures were too high (above
700"1'*’).9’1.O .Véry'littie data are available for cocmparing teﬁpéred
'martensite with continuously cooled bainite,_which are of greaf cbmmerciai
value, Tolobtain a full& bainitic structure by éontinuous'cooling, a high

bainitic.hardenability is essential to'évbid'other transformation pro-

ducts.” Even then are are chances of some austenite transforming. to
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martensite, whieh severely imﬁair tﬂe toughness. However, the present
work 1s limited to only iséthermally-transforméd.bainites.,

From the previous work, as described above, it seems that probably v
in ceffain cases tempered martensite may possess better toﬁghness than
bainite qf'similarvstrength_levels,’and iﬁ certain eases it may not. In
the‘preSehf work an attempt has béen made to inveétigate whéfher such
variations exist 5r not ahd if se why? Tfanémission electfon microscopy
has been used to determine the structur#l differences that may'lead tq
such variations in notch toughness in steels.

There have been suggestionsll’

that the presence of internal

twins in martensite may reduce its ductility. 'So one bf‘the:gims bf fﬁe
presenf_work was to see whethér micro—twihsvhéve anyviﬁfiuenCé_on notéhg :
toughness or not. ;t'hashalso béen argued-that the extent of internél

K

.twinning in martenéite may partially.depeﬁd on martensite startr(Ms)b
temperature of steels, and:ihe 1ower_thé Ms.fémperature,,the greatér is
the tendency for martensite tq.twin rather than to slip. Since’carboﬁ
and nickel afe anﬁn to lower M_ temperatures and cobalt:to raise it,
alloys at two differénfvcarbon_levels, 0.24% and 0.4%, were éhoseﬁ with |
varying nickel and_cobaltvconteptsg ;Thus.by adjgsting nickél and éobalt
contents it was possible ﬁé have ﬁhéfsamefMé tempefature.in steeis of
différent carbén levels. uThis was necessary to assess the rqle'of'
indiéidual alloying elements on.ﬁhe occurrehge'bf intérnai:tﬁinning in

'marténsite apart froﬁ their inflﬁenqe on MS teméerature. The comqu‘.
sition of the alloys designéd on-the above_ﬁasis are given in Table I | R

along with their MS ﬁemperétures. The steels will be referred to by

their heat numbers as given in Table I.




ITI. EXPERIMENTAL PROCCEDURE

A, Heat Trestment and Mechanical Tests

-The specimens were austenitized at 16§O°F_for one hour 1n>an'
argon atmosphere and'fheh either water (for 0.24% C §teels) or oil
quenched (for 0.1% C steels). Then they were ihmediaﬁely refrigerated
in liquid nitrogenvfor 10 hours to ensure complete transformation to
martensite. Thekfempering was done in a neutral salf\bath. All the
specimens were double tem@ered fér'h hours at different temperatures,

i.e. tempered for 2 hours, water quenched, then refrigerated,‘and

finally tempered'for another 2 hours. This cpmpletely eliminates the

retained austenite. To obtain the bainitic structures the spéciméﬁs
were direétly guenched into the saltvbath_at required temperatureé and
then isothermglly transformed. The ﬁeat.éiven out by the specimen was
very small compared to.fhe volume of tﬁe'salt‘bath and éo there;was no
appreciable rise in the temperature of the Eath. After heat freatment
all the specimens were carefully-éféund from both sides using excessiv¢ 
coolant, to rempve the deéarbufized layer, if any. The carbon analysisv
before and after the heat treatmenf showed no significant decafburization.
The tensile specimens whose dimensions are shown in Fig. 1 (a) were
0.060 in. thick. :Fatigue preéracked’Single Edge Notch (SEN} spécimens
Fig.l (b) were uéed.for measur ing notchftougﬁness. Ali thé specimens
were precracked in tension-tension fatigue. These ﬁere testéd at -196°C

to obtain' plane-strain conditions in these 0.060 in. thick speciméns.

Even then plane-strain conditions were not obtained in some cases. These

non-gtandard SEN specimens are economica];*especially-whén large number of

tests have to be made -in order to obtain*some indication of notch toughness.
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»Ail the fenéi;enand_notch toughness tests>Were done on an Instron
machine at a cfoss head speed of.O,i ems/min. The room temperature
notch_toughness values were obtained on half-inch thick spécimens
shbwﬁ in Fig iv(c). fhesé éﬁecimens were fatigue pre-cracked and

_ 4
tested on MIS.

B. Electron Micrescopy and Fractography

The_heat treated 0.060 in. thick specimens were first mechanicélly'
ground and then chemically.thinmed in a_selution of 1:1 phdsbhoric acid
~and hydrogen peroxidé (30%) to about 5 mils. .Theée were electropblishéd;
‘first iﬁ-perchloric;aceticvacid (i:lO) solutioh“which gave é rapid’
thinning; The-final elec£ropoiishing Wa$:done-in chromic—acetic aCid
sblution (75vgms CrG3 + MOO ml acetié acid.+'QO ml H, |

and at a temperature of 20°C. Thin foils-were»examined in a Siemens

0) at 25 volts

Elmiskop I microscope, operated at 100 KV.

The fracture surface of notch Specimens Wgré replicatéd,Wifhwcéllﬁ;
lose-acetate tape.  It was shadowed With platinum—pailadiﬁm (80r20).at':..
a 45° angle and then carbon wasvévéporated onto it. The fape wa.s
subsequently dissolved iﬁ acetoﬁé andvthe carbon repliéa was examined"

in the electron microscope opérafedﬂat GOKV.




IIT. RESUITS

A. Mechanical Properties of Tempered Martensite and Bainite

The mechanical properties of tempered martensitic structures are
tabulated in Table II and.those of bainitic structures in Table III.

It iS’important to compare the toughness of various structdres at the

,same-yiéld and ultimate tensile strength levels. So each steel was

tempered at various tempering temperatures for the same time. This gave »
a range of strength levels, so that the toughness could be compafed at
any desired strength level.

The variation of strength'and toughness with tempering temperatures

are plotted in Fig, 2 through Fig. 7. The high carbon steels 522, 523,

5ok, (Figs. 2, 3 andvh)'show similar tempering characteristics. As

expected the yield and ultimate tensile_strengths drob and»elongati§£
increases with inéreasing témﬁéring teﬁpérature. But the notch téugg_
. v : : e T
ness shows an embrittlement when tempered around.800éF, PasCOvé; aﬁéx -
Matas 1 observed-aﬁ embrittlemenﬁ aroundv900°F in a sfeel Qith compogition
similar to that 6f 522 but‘with_highervsilicon content . Tﬁe lower éilicon
alloy did ﬁot show any appreciable embritflement in the rQvateﬁperatureb
tests. But the present'reSults sﬁow‘that under severe tesﬁing conditions
at liquid nifrégen temperatures small émoﬁnt of embrittlement can be seen

even in the lower silicon alloys. At the same tempering temperatures the

strengths 6f stéels 522 and 52% are nearly the same but those of 52k are al-

‘ways higher. The steel 523 has higher nickel and 524 has higher cobalt -

than 522. It seems that‘nickel,doeS»not increase‘the témpering resistance

of'martensite much, but cobalt hasvéét a great influence in increasing the

‘tempering resistance.
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Figures 5, 6, and 7 show the tempering behgvioi of steels 141, i§2,
and 145 respectively. Here agaiﬁ the ultimate tensile strength décreéses
witﬁ increasing temperiﬁg temperature but‘the yield strength remains moré"
or iess constant in the tempgrature range shéwn. The eldngation increases

“continuously but the nOtcﬁ toughness firgt decreases up to 800°F and then
increa;es.on increasing the tempering fembérature; This‘behavior is

15

different from those obtained by Pascover.ahdvﬁatgé in CVN room tempera-
ture impact’tésts of‘a.steel similéf to lhl. Their results show a small
increase in the‘toughneés ﬁp’fov800°F after which itvriéés sharply. ©So in
this‘caséidlso there is:an appréciable éﬁbfittlement ar ound SOObF wﬁep.
the notch toughness-testé.are cérried out at -195°C.

.Thé nofchitoughness vaiues obtained af variOUS'yield and uitimate4
tensile strength levels_aré éh§wn in Figs. 8 and 9 respébtively. The
notch toughnéss values in the embrittled éondiﬁion are poor and haye not
been included in these. There;is a bit 6f.sca£tér ih the téﬁghﬁess values
obtained for C.Qh% éarbon éteélsq However; théy aré_withiﬁ the band shown.:
Because of ﬁhe low AS temperéﬁﬁres the mékihum tempering tempefature vas
restricted to below llOOof except for steel 524land so the yield strengthS'
Qf‘o,h% carbon steels could not Be brought té exactly the same levél as ‘the
O.Qh% carbon steels. Howéver, it 1is seéh that at similar yield and'ulti-
mate tensile strength levels the toughness of the steels 1h1, 1k2 and 145
are higher than those of 522, 525 and 524. It is to be seen that the
t;ughness of steel 52L is lower than that of 522, :They have nearl& the
same composition except that steel 52k hasvh% cobalt. So alsﬁ, the sfgel
145 has lower toughness vaiues than 142, the fofmer having T% ccbalt and
the.laﬁter 4% cobalt, othér alioying eleménts remaining same. But increas;

ing cobalt from zero tb h% between steels lhj and 140 does not cause an

0
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appreciable decrease in toughness. This shows that other:factors re~
meining same, the increase in cobalt centent beyond 4% or so reduces.
toughness at the same strength level, This embrittling effect of eobalt
being more pronounced'at higher carbon level.

Steels 140 and 143 with IOW'nickel‘(S%)'contents showed much lower
notch toughness compared to the steels 141, 142 and 145’(T5ble IT). This
is because the transition temperature of these,IOW'nickel steels_are
much abqve.the test temperature, (496°C). On the other hand the transi~ =
tion temperatures of the high nickel steels ere very near the test |
temperature. |

The mechanical prdperties of the bainitie steeis are given in.Table
TII. Tt can be seen that for steels 522‘éndv524, inereasing the isothermal
transfermetion'temperature‘resuits ineloﬁer'yield and ultimate tensile
strengtﬁs.and also & lowering of the netchvtoughnessg The best pererties
of bainite are obtained at the lowest possible transformation temperatﬁree
above Mé. The yileld strengths obtained~in the as-transformed bainite
of steels lhl, 143 andllh5 are poor compared.to thektempered martensites,
of the same steel,; On tembering,"the yield strength was found te rise
but the ulti@ate tensiie-strength:decreaSed slightly;' The_transmission
electron microscopic observations (to be discussed later) showed the
presence of martensite in these as~transformed bainite samples. -ihis'

means that the austenite did not transform completely to bainite even

“after isothermal holding for 24 hours, and on,cdoling to room temperature

this-austenite.transformed to.martensite, 'Thé presehce of this virgin
martensite gave podr yield strength., On tempering this virgin marten-
site the &ield‘strehgth inereased. it can be seen that the increase

iﬁ vield ‘strength was greater for greater amount of martensite present.'

The steel 143 with 5%'nickel had the least amount of martensite and so
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‘the imcrement was minimum; The steél 145 with 12 ﬁi - 7 Co had maximum
amount of m&rtensite“aftgr-transfqrming-for 2k hours. This ié"expected
because increasing nickel, increéses the incubation period, where as
inereaging cobalt reduces the incubation period. .The notch toughness = .
valués also incredsed' on tempering, depending on the amount of marten- )
site preseﬂt. For the steels 141 and 143 the netch toughnesé values of
tempered bainite aré almost same ag the transfbrmed bainife within the
limiﬁs of experimental scatter. Tempering of the bainite in éteels 522
and_524vshowed no increase in yiel@ strength and toughness, but rather'é'
small drop in strength level, meaning thereby that the transformation. )
. to bainite:was'pomplete invthesé two SﬁEels; The structursal observafions :
also verified this, as will be dj.scuss_ed later. | |
To éémparé éhe notch’toughness of bainité and témpered mértensitev
at_équalJStrengﬁh levels, the interpolated values for notch toughness
of tempered marfensitegat the'éémé strength level as that of bainite
were taken ffom the curveé_iﬁ Figs 2-T. Thej have been giveﬁ in Tablé
IV; "It can be seen thaﬁ.thé notch toughness of the tempered Baihite _;.
‘of steels 141 and 145 are much inferior compared to the tempered maften-'v
site. Although lOOvpercent bainite could.not be obfainéd in theée two
- steels, still it cén be seen fhat'as the-améunt of bainiﬁe iﬁcreased from
the steél 145 to 141 the tougﬁnesé decreased markédly. This cléarly
showé that at equivalent strength leve;s fhe t6ughness of bainite in
these 0.24% carbon sfeels is inferior to that of tempered martenéite.
~In the steels 5?2 and 524, the bainitic structures showAbeﬁter notch ‘< :V‘v
toughness than tempered martensitic at»similar strength lev¢ls. This
‘toughness différence is grégter at lower,isothefmal transformation tem_
perature of 500°F for steel /522 than the steel 52k, transformed at 550°F.




The superior toughness of the bainitic structure compared to the martensitic

is well established® for the commerical 9 Ni-LkCo-o0.b5¢C steel, which
is steel 522 in this work. Also it has beén r.:)‘rasc-zx'vecl:L that at -196°C the
toughness of bainite is not so mach greater than thaf of martensite, but
at room temperature the bainite has much higher toughness. In the pre-
sént caSe.also the toughness of bainite at liquid nitrogen temperature
is not sé much greéter}than the tempered‘martensite in sfeels'52é‘ahd:.

524, But the room temperature K., values obtained on half-inch thick

Ic
specimens showed a large difference.

Summarizing the above results we can say that at similar yield_and“
ultimate tensiie sﬁrength levels,‘among the tempered martensitic struc=
tures the steéis lhi, 142 and 145 shoW better toughness.cqmpared to the.
steels 522,'523, and‘jék, As will be seen iater the étructural obser -

vations showed the steels 141, 142 and 145 Witth.Eh%_carbon to contain

mich less twinning compared to the steels 522, 523, and 52h with 0.4

- carbon. The notbh.toughﬂess of the bainite in the steels 141 and 145

are poor comparéd to thertemperéd.martensite. :On thg éther hand the
toughness values of bainite in steels 522 and 52k are.better;than that.
of the tempered martensite, Incxéasing cobalt content of‘the alloys
from L to 7 percent reduces their foughness, the effect being greater at

higher carbon content.

B. Structure of Martensites:

| The struéture of martensite of steel 1LO is shown in Fig. 10. The
structure as seen in Fig._lo(a) has been called needle-like martensite
12,16 ' ' -

by Kelly and Nutting lath martensite by Speich and Warlimont',l7 and

massive martensite by Owen et al.18q Here they will be referred to as
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dislocated martensite laths. The selected area diffraction patterns
(not shown here) from the areas near‘Alénd B show them to be'in [lll] and
[100] orientation respectively. So these parallel laths are separated
merely by low angle boundaries., A trace analysis of the long direction of
the laths indicated them to be in (111) direction as has been observed , A
before.le. In some other regions [Fig. lO(b)] multidirectional plates were
also observed. Thus the martens1te in this steel is a mixed structure of
laths and plates. There“are also some precipltetes of carbide in this
freshly quenched martensite, as.can be seen in Figs. 10(b) and (e). These
platelets of carbide did not give a sufficiently satisfactory=diffraetion
pattern to be identified, but the trace analysis of the habit plaoe of'the
precipitates showed them to be {110}. This indirectly proves that the
.pre01p1tates that are formed in this. steel as a result of autotempering
are cementite which show {110} habit, in agreement with the results of
Page et al, 19 This 1is different from the results of Banerjee,Eo'who
found the autotempered prec1pitates in AISI 45&0 steel to be ¢~-carbide..
Probably the autotempered pre01p1tates are e-carblde in high earbon steels
but are Fe3§ in low carbon steels. There was very little twinnlng found |
in this steel. |

‘The morphology of»martessite intsteel th is similar_to that of lAO
and is shown in Fig. 11. _Figure‘ll(a) shows martensite laths with no
twinning at all. Isolated eﬁamples of internal twins were seeﬁ in some
plates as in Fig. ll(b).. This steel also has a mixture of lath and aoi-
cular martens1te w1th small amount of tw1nn1ng. The martensite of steel :
143 shows a small amount of tw1nn1ng (Fig. 12). The twins are rather un~ '
evenly distributed as can,be seen in Fig. 12(a) and (b). Sometimes twins.

were restricted to a very small region near the edge of the plate instead
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of mid rib as-in Fig., 12(c). This kind of morphology has also been ob-

served by Warlimont. . Figures 13(a) and (d) show twinning in martensite

of steel 145. The dark field of (Oil) twin reflection [Fig. 13(c)] lighted

'up the twins in lath A and also the adjacent lath B. When dark field was

taken of the (011) matrix reflection it reversed contrast for lath A only
(not shown here). This shows that the léths A and B are,ﬁwin related.

It is to be noted that these two laths are 0.5 to 1,0u wide, where as the

~laths that are merely separated by:low angle boundaries are about 0.25u

wide [Figs. 10(a), 11(a),. 13(d), etec.l. Figﬁre 13(d) shows a packet

of parallel laths of the same orientation formed within an original austenite

grain, It was frequently found that a group cf such parallel laths were
éeparated by a high‘anglé boundary from another group. An example of
this ié shown in Fig. lh(a). The seleccted arealdiffraction pattern

[Fig. 14(b)] of a group of laths shows two bece orientations as indexed
in Fig. 14(b). The dark fields of spots A and B reverse contrast for the
latﬁs in [111] and [100] orientations'respéctively.

© An examination of a number of micrographs revealed the amount of

lath martensite in steel 1143 to be less than in steel 140. This 143 has

 the same composition as steel 140 but has no cobalt in it. Also between

steels 142 and 145 the lattef shéﬁed comparatively(moré lath martensite
than the former. They also have identical compositions except that steel
145 has higher‘cobalt than steel l§2.' These comparisons show that the
addition éf more cobalt increases the proportion of untwinned lath
martensite. | |

In all the 0.24% carbon steels the structure was predominantly lath
martensite with a small.amdunt of internally twinned plates. In most

cases twinning was restricted to the mid rib. On the other hand many

examples of completely internally twinned martensite plates were found
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in the 0.1% carbon steeis‘522, 523 and 524 (Figs. 15-18). Figures 15(a)
shows an extensivéiy twinhéd4marténsite blate of.steel'Séz. Some émall
- martensite plates were alsoﬂfoﬁnd to. be compietely twinned [Fig. 15(b)].
Very often the fine intefﬁél‘ﬁwihs.gave rise toHSfreaks in the (112)
directions in the diffraction patterns as can bé”seenviﬁ Fig.'16.x Ih
addition to the:twiﬁ épots.theré‘afe oﬁhei.extra;spots_due to doublé
diffraction [Fié. 16(c)]. :The'ﬁwins‘are not as“clearly resolved in the
'i)right field, as_ in_thé dark field of the (110) twin spo't',._[Fig. 16(b) 1. -
This reflection also revefses'fhe contrast‘fbf’the adjacent piate showing
that ﬁhgy are twin related. A very-high density of fwiné can be seen in -
the mid rib in Fié. 17f‘ The dark field Qf ﬁhe’streaks [shown by the
position ofAthe objective épertufe foef £he streak in the inset of
Fig. 17(5)] re&erses the contiast for tﬁins; ~The martenéite of steel 52k
also sﬂowed véryihg amounts of twinning in differeht regions'as seen
in Fig. 18. |

AQquantitative comparison of_thé volume fraction of twins among the
various alloys is rathér difficﬁlt} Because in most cases it is necéssary
to tilt'the foil to bring the twins in good contrast and élso it is essen-
tial to take a dérk field.of the.ﬁwin reflection to verify whether they
are really‘twinsvor not. However by exaﬁining a n@mber of foils a relativé
cbmparison was made., It was fodnd fﬁat.the volume fractiqn of the twins
in all the three 0.L4% éarboﬁ‘steels was much‘highef than the 0.24% carboh,
series, irresp;ctive of their M temperatures. The steels 142 and 5?#'
have néarly the same MS temﬁeratures but the extent of internal twinning-
is much less in 142 compared to S2k. lThié meéns that although by adjust-~
ing substitu%ionél elements like nickel énd cobalt, the MS temperatures

of the steels having different carbon contents can be made the same, the

éxtent of internal twinning can still be widely different.
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interplanar spacings of (lOO)a~~ (022)Fe o™ (101)

13~

C. Structure of Temperequartensite

The microstructures of martensite tempered at various temperatures

" were examined. The martensite o the 0.4% carbon steels tempered at

400°F showed mainly e-carbide with small amount of FeBC which; has also

begun to precipitate; Figure 19 ghows twinned and untwinned regions of

LOO°F tempered martensite of steel 522, The twins can be very clearly

seen in the dark field micrograph in Fig. 19(b). The. fine precipiﬁates
of e-carbide can be seen in between the twins, wherever the twin spaéiﬁgs
are’larée and they do not form on the twin boundaries. In many cases
these piecipitates do not gife a safisf&ctory diffraction pattern to be
identifiéd but the trace‘analysis of the habif;plane shows_a {lQOjd habit.

It is known?e’_g5

that the e—carbide has.(lQQ}dvhabit and also grows in-
(lOO)a direction. Whenever sultable diffractidn patterns were obtained,

it was possible to take the dark field of the carbide spot [Fig.;l9(d)],

‘which positively identified them to be e-carbide. In some regions-cemen-

tite of {110} habit has also begun to form as can be'seen‘clearly'at A in_
the dark field micrograph in Fig. l9(f), in the martensiﬁe plate that
ig in [100] orientation. The dark field was taken from a spot which had

reflections from adjacent laths, from Fe,C and from e-carbide superimposed

5

on it and SO it feversed contrast for all Qf them. This is because the

e~carbide’

On increasing the teﬁperingvtemperature e-carbide was replaced by
FeBC. Iq'the'presence of twins the cementite precipitated preferentially
on the twin boundaries with {112} habit. 1In the absence of internal twin-

ﬁing‘the cementite précipitated in Widmanstatten pattern with {110} habit.
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Figure 20 shows the structurelof marteﬁsité of.steel 52k tempefed‘at

800°F. At this tempering température the precipitates were all found’to‘

Be qgmentite. The‘precipitation of cementite on twi; boundaries and on v

the érain boundaries can be seen iﬁ Fig. EO(Q).' Figure 21 shows the

twinning and untwinned regioné obtained after tempering atrliOO°F in

steel 522.. The‘carbidés.can belgeen to-bevéliéned up unidirectionally

élong the twin bouﬁdaries.[Fig.:Ql(a)]. Thére are also precipitates

along the grain boundary. Simiiar;§bser§ations have been made by.Baker.

et al.,eu but they did not Qbsefve_carbides at the martensite plafe |

boundaries in the preseﬁce of twins. Figures 20(c) and Ql(a),-(b) and

(c) clearly show that cemenfite does précipitate‘at thevgrain boundarieé ‘

even in the presence of twiné; Frequently the tﬁins are not very clear

due to the presence of gérbides but b&»filting they can be Brought to

béttef contrast as in Fig. 21(6); “This showsvthat it is hot easy fo

_remove the twins, unless.re¢rystalliéation‘occufs; which will be at highgr‘"

temperatures than 11.00°F, Sphérodiéation.df carbides has also Begun at |

this temperature of 1100°F [Fig.~21(d)]'in the twin free regién.‘ The |

structure of tempered marteﬁsite in steel-523 isialso similay to 522.

iﬁ also shows precipifation at twin boundaries in the presence of twins,

'Widmanstatten-precipitaﬁion in.thé'aBSenée.afvtwins-and alsc precipitétion

of carbides at martensite platevboundariés; |
.Uhlike'the high carbon steels, tempering of O.ZM%.carbbn.sfgels

at;hOO°F_shoﬁed mpstly'ceméntitévpossibly with a smallvam§unt of e—carbidé,

At 6OQ°F it showéd almost all cementite. Figures 22(a) and (b) show | v

hOb°F.and'600°F tempered martensite in stéels 141 and 145 respectively,

where the carbides are mostly FeBC.» Sinc§ thé.mar£ensite in tﬁese steels

show very little twinning, the cementite precipitated predominantly in
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the Widmanstatten pattern with {liO} habit‘wherever small amounts of
twins were present.cementite precipitated preferentially along the twin
boundaries. At 600°F the precipitation along the lath boundaries is not
observed but on tempering at 1000°F small carbide precipitatéé.can be
‘seen at thé lath boundaries as in Fig.‘25(a) and (b) and Fig. 24(c) for
steels 142 and 143 réspegtively,. But it is to be noted that in all |
these cases the carbides at the lath boundaries are not continuous ali
'aiong thg boundary. In sﬁite of these.small boundary precipitates, thef
‘steel 142 shéwed ﬁery high toughness as has been seen before. The ffactof
graphic.observations also did not show intérgrannular failuré as will_bé.

discussed later.

'D. Structure of Bainite

The structure of lowér bainite ié knowﬁ25?2§ tO‘COHSiSt of acicular
férrife withvcarbides ét 55-65° to fhe long direction of Ferrite. The
transition from lower to upper bainite is kﬁown to'ocgur in a relati&ely
narrow temperature'range_afound'650°F. As discussed béfore, the strength -
and toughness deteriorated with increasing isothermal transformation
temperature, even in thg lower bainite fange. Hence the structuie of lower
bainité with increasing isothermal transformetion temperature wére exam-
ined. Figures.25, 26 and 27'shoﬁ the étructures of bainité isothermélly
transformed at 500°F, 550°F and 600°F respectively for steel 522. Al-
though in some regions the classical lower bainite structure is not so:
obvioush fFigs. 25(a) and 26(a)] , it cah be clearly seen in other.v
regions [Figs. 25(5),,é6(b) and 27(a)]. The carbide particleslwéré.bh
found to become coarser with increasing\isbthermal transformatipn

temperature which is consistent with the decrease in-strength. Alsc

on isothermal transformation at 600°F the carbides start precipitating
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at the plate bcundaries as is.clearly seen in Fig. 27. The.dark field
microgfaph of the cementite spot reverses the contrast for the carbides
which posiﬁfvely shows that the black markings at the boundaries are
cementite. The lower bainite formed at 550°F in steel 524 is gimilar to
that of 522 (Fig. 28). 1In Fig. 28(a) the carbide plates can be seen in
an extensive matrix, which is very similar to that of Fig. 25(a). These
are Territe plates with internal carbides rather than laths. Sometimes
very long carbides are also seen as in Fig. 28(c). This Variatidh in‘
carbide size 1s obviously a sectioning»effect.i By trace analysis the
habit plane of these.carbides was shown to be {112} habit in all the'easeé;
At higher transformation temperatures, in the low carbon stéels,
bainite iaths-wefezobserﬁed instead of plates.ﬁ These'laths'wefe fouhd
to be placed éide by side with only a very élight'misprientatiOn be-
tween them. This‘is seen very clearly in Figs. 29Wand 30, which show
the structure of the bainite of steels 141 and lhﬁ'isotﬁermally trans-

formed at 620°F and 670°F respectively. The selected areafdiffraction

pattern [Fig. 29(e)] of a group . of laths shows a single bec [111]-
orientation only with a very sligﬁtvmisorientation. The dark field

of (170) reflection lights up dlternate laths only. The dislocations

in the ofher laths gfé also brought:intb cqntfast. This is also seen

in Fig. 30 ﬁhere dark field of (1io) relfection brings out the alternate
laths in contrast. Here the»laths’are nucleated on either side of the
prior austenite’grain.bouhaary,‘which is very similar to the structure |
of martensite in Fig. 10(a) éxcept‘that there are carbides inside f. oW
these bainitic ferrite laths. It is also seen that the number of carbide

particles are very few in thése‘low‘carbon-bainites, cqmparéd to the

high carbon ones, which is expected. It is also interesting to note

‘that there is no precipitation at the Iath boundaries in the 0.24%
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carbon bainitevalfhough théy were formed abovei600°F,'while the O.k4%
carbon bainite éhowed lath boundaryvprecipitation. In no case was internal
twinning observed in the bainitic ferrite. The precipitation of ceméntite
on the twin boundaries does not remove infernal twins in martensite even
on tempering above 1000°F as has been seen before [Fig.‘El(c), 23(c) and.
2h(a) ahd‘(b)]. Thus,‘if there were internal twins in the baiﬁitié
ferfite iathé they couid.not have been removed by precipitation of
cementite on holding for four heurs at 550°F [Fig. 267. -

As.has been mentiéned before the bainite reaction in»the steels

141, 142, 143 and 145 did not go to completion even after isothermal

- holding foj 24 hours. When examined the structures showed some areas of

martensite, which formed from the untransformed austenite on codling after
isothermal transformation. Sometimes it becomes very difficult to dis-

tinguish between the martensite and the bainite that contains a few or no -

internal carbides, because they appear to be very much alike. To Verify
that they‘weie‘martensite and notvbainite temperingiwas done again after

-isothermai tranéformation. After tempering Widmanstatten precipitates

of carbides were observed in the martensitic areas that were fofmed from
untransformed austenite. Thé sféelé'ihi and 143 shbwed‘avsmall ambﬁnt of
martensite. Even afﬁer transforming for 24 hours, onlyla sméll améunt-of
bainite was obtained in steel 12 gnd the steel 523 showed no bainite at
all but only martensite. But almost 100 percent bainitic sfrucfufe waé
obtaiﬁed in steeis;522 and*524.' These can-be.understood by the effécf 

of the composition on the T-T-T-disgrams.
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‘E. Electron Fractographic Observations

The fracture surface 6f rotched specimens testéd at liquid nitrogen
" temperature were examined for the fracture mode. The tempered ﬁarténsite
of thenlow carben steels with very high toughness values showed dimpled
rupture. An examp1e of this is shown in Fig. 31 which was taken from
steel 142 tempered af LOO°F. The dimples are slightly elongated and

are typical of transgranular fracturé Byjmicrovoid coaléscence. Filgures.
32(a>, (b) and (e) show.the‘ffacture surface of martensite of steel 522 |
tempered at 4OO°F, 800°E3énd 1000°F, reé?éctively.* In all cases the
fracture appears to be quasi cleavage. There appears to be no inter—
granular-failure. The fracture surfacé'of bainite of steel 522 tréns—,
formed at 500°F. also showed predominantly quasi-cleavage facets with
groups of dimpies [Fig. 33(a)j. Very near the surface of the sbecimen
elongated dimplés in the small shear lip region were observed [seg Fig.

33(b)]s In some regions equiaxed dimples also occurred [Fig. 33(c)].

Thus it seems that althéugh there are some fine discontinuous precipitates

of carbides at the grain boundaries,vthey do not give risevto inter-
granular failure either in the IOW'or_high earbon tempered martensitic

structures.
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IV. DISCUSSION

-

A. Morphology of Martensite

Although considerable work has been done on the morphology of mar-
tensite‘in Fe~Ni, Fe-C and Fe—Ni-C steels; many features are not very
clearly understood. A few*points that are relevant to this work will
be discussed here.

2 g .
17,18,27,28 that with increasing nickel or carbon contents

It_is known
the morphology of martensite changes from lath [or the so~called massive

martensite] to the twinned acicular martensite plates. This transition

~does not take place at any particular compoéition but over a composition

- ‘ .2 S s '
range. Marder and Krauss 8 reported that in plain iron~carbon alloys only -
lath or massive martensite forms below 0.6% carbon. But in the present
case even at 0.24% carbon isolated examples of_twinning were observed.

17

Speich and Warlimont also observed some internallyitwinned martensite

platgs.at 0. 14% carbon .in §Iain irén—carbon éllbys. Thus'if.thé‘massiVe
martensite described by Marder and Krauss_is taken td be idéntical with
the-laﬁh martensite the demarkation at 0.6% carbon level;does not apﬁear
tobe dOrréct beéause twinned martensite piates can form much below 0.6%
carbon, | |

There seems to be some doubt as to whether.the adjacent_ﬁartéhsite
laths are twin related‘with respect to eachvother or not. Speich and
27

Swann ' observed twin relatéd martensite laths in iron—nickel alloys,

:Whereas Owen et al.18 did not observe any. In low carbon steels Kelly

and Nuttihgl6'bbserved twin related laths:Only in one case but Marder
and Krauss 8 could not observe any. In the present investigation it
was found that very frequently a group of martensite laths were separated

by a high angle boundary from another group and were not twin-related,
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and the individual laths in one group were separated from each other by
low angle boundaries (Fig, 14). All these non-twin related laths were
about 0.25p in width. But when the cell width became about '1p or bigger V -
the adjacent laths became twin related (Fig. 13). The laths that Speich- _
- and Swann27 observed.to be twin related were also about lu_in widthe. Thus -
it seems that when the.cell wiath becomes larger thevadjaCent laths try
to minimize their strain.energy by becoming twin relafed. On the other.
hand when narrow laths form side by side they ean aceommodate their
strain only'with a slight misorientation., So it is most likely that
whether adjacent laths will be twin related on not depends on theif
cell width.
When austenite transforms to marténsife, strain energy assoclated
with the transformatlon must be mlnlmlzed. .Based on this, Wechsler
et al. 9 have shown that the interface plane (hablt plane) separatlng
the two phases must be one’ of zero average distqrtion and for this to be
true, the transformation as a whole mnst in general be inhomogeneous;
This pattern of inhomogenietj, sometimes referred to as "lattiée invarient

‘shear"

can be either slip or twinning. The plate—like nartensite formed - .
at lower temperatures 1n more concentrated alloys are either partlally

or completely twinned whereas the.martens1te obtained -in lower carbon or
nickel alloys with {225}a habit are partially twinned., The,phenomenologi~

cal theories of martensitic transformation have successfully accounted

for these observed habits in the plafeélike martensite, but the theories

have not beén'adequately'developed>for iath martensite whieh'is usually ’ # '

not twinned. From:optical and electron microscdpic.observations in Fe-N1i
alloys Patterson and Wayman5o concluded that the plate~like martensite

~1s associated with internal twins and if no twins are observed, the
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martensite is not plate-like., In the present investigation many examples

of internal twinning were.found in the martengite which appeared more

like narroW‘laths rather than plates. .AlSQ mah& multidirectional plates.
did not exhibit twinning. However the distinctibn between the-lathé and
plates needs careful observation. | b‘ |

12-14,31 tha,

As mentioned before there have been many suggestlons t

whether the martensite will be tWinned or not depends on the temperature

at which it forms. But it is knownBe.that many alloys:with very lOW’MS

temperatures do not show much internally twinned martensite platés, where
as others with a éomparativély higher Ms'temperature show considerable

twinning. - In the.presenf case 1t has beeh:shﬁwn that atsimilar MS

- temperatures the martensite in a steel with a higher carbon (524) shows
- much moreLinternal'tﬁinning'thén & steel with a lower cérbbn (1k2). The
marﬁensite formed invifqn;nickel'alléys with Very low carbon exhibit a
U ﬁf;?f#ié:ér no'intérﬂél;twinniﬁg.élthough at .the same M temperaturé ca?bonv
'icéigéiﬂingjéteeiskshow c5nsiderabié intérnai twins. Thus it aépears

'that inqreaéing carbon promptés internal twinning in the martensite;

apart from its effect in lowering the Ms and Mf temperature. This is in
disagreement with the observdtions}by Kelly ahd Nutting16 who reported-
that the carbon.cohtent of the steel has only an indirect effect on the

morphology’of the martensite through its control of MS and Mf temperatures..-

- In simple binary alloys of Fe-Ni or FeiC decreasing MS temperature gives

increasing internal twinning but at the same Mﬁ temperature all of them

will notrhave'the same extent of twinning. The situation is further

complicated when several. other alloying elements such as Co, Cr are also
present, in which case their influence on the occurrence of microtwins in

the martensite cannot be predicted from their simple effect on MS temperature,
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‘The strain induced martensite that forms at room temperature in a

Fe-23Ni-UMo-0.28C alloy has been found to contain no internal ﬁwins,32

although the martensite in the same steel obtained by quenching shows

33

@

twinning. During deformation the Ms temperature is raised to M, and

d
the A decreased to A, and 50 the transformation hysteresis gap decreases.

The area of the hystereéié loop of'the,martensitic‘transformationAgives
én indication Of the driving force for the reaction which iﬁ turn may be
‘related to the strain energy.of the transformation. Intuitively; one

‘can deduce that wheﬁ there 1s a large Strainlenérgy or driving-force: =
(which is roughly indicated by the large hystéresié‘loop); the tendency
of the ﬁaitensite plate may be to be twinngd féther than slipped. Tﬁusf

the absence of internal twinning in the stress induced martensite couldr:

be a result of decreased driving force which can be roughly measured by
the épea of the hysteresis loop. -Thus.the-influence of the various
alloying elements on twinningvin martensite can'prob&bly-bé understood
by their effect on the area 6f the.hysteresis ioop.: This.ingludes thé
éffect of the alloying elements'both on Ms"Mf'apd As, Af temperatures, -
Thus we'can'sée ﬁhy an iron-nickel'ailpy with the same Ms temperatﬁré as
an iron-éarbon'alloy shows comparativelynless ﬁwinning. it is Secause
the area of fhe hysteresis 1oop.for iron-carboh‘alloy is expected to be
larger, At this stage it is not possibie to sa& this definiteiy'withOut
experimental.verification but we can. expect it to be so. Beéause if

. MB temperature is képt constant, increasing'carbonicontént decreases oniy 5
Af énd not As’ whéreas incréésing the nickei cbntént decfeasés both -

As and Af. Hence if we ihcfeése the carboh and the nickel contents pro=
.portionately_sucﬁ that M;_temperature remains same in both cases, the

- areas of the hysté:esis loop for Fe-Ni>alloys wiil be smaller than the

Fe~C alloys, assuming the slopes to remairn roughly the same in both alloys.A



B.'fMorpholqu'of‘Bainite

The fact that in‘tne 1oﬁer bainite the carbidee precipitate uni-
directionally(on {112} planes, instead of the (110} pianes in the Widman-
etatten morphology has led various inﬁeqﬁig&tore to believe that it must
be pre01p1tat1ng on some kind of planar defect. Shackelton and Kelly 26
suggested that the b&lnltlc ferrlte that forms martensitically from aus-
. tenite may be twinned and the cementite may subsequently precipitate
on these twins. But they falled to detect the presence of any 1nternal
twins. They argued that by temperlng the twins are removed and so durlngv
the isothermalvholdlng they could also.have been removed. Here it has’
been sho&n ealier tnat>tne internal twins-in.the nartensite erevnot eaeily
removed by tenpering'even_at'hiéher-tenpenatures than the iéotheimal'
;nolﬁinge temperature»foribainite. So it is establlehed that the 1nhomo-
geneous shear in the bainitic ferrlte is not internal tw1nn;ng. This is
in agreement ‘with the findlngs of other WorkersBu 56.. Shininu et al.
suggested that the ferrite that forms martensitically in the lower beinite
may be accompanled by qtacklng faults and the cementlte may form along the
fault planes. But in v1ew of the fact that stacklng faults in bece metalq
afe rarely seen,uthls exPlanetlon seems‘to be very unlikely. The crystallo-
g?ephic obsérvatidne on lower;bainite in a Fe-8% Cr-1.1%C dlloy by Srinivasan

57

and Wayman”  shows that the cbserved habif plane of bainite in.this
alloy is different from thﬁt_of'the martensite in fhe sa.me al;oy. Also
they found that the internal twinning oannot‘explain thevobserved-nabit
plane and.the_eusteniteeferrite_orientatiOn‘relationship.' Sincelthe
_absence of infernal twins in beinitic ferrite is established, the reason-

why the cementite precipitates on only {llQ}Iplanes still remains to be

answered.
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It hasvbeen shown earlier that at 16Wer'transformatioh temﬁeratures
(in 0.4% carbon steels) the bainite form_predominantly'as’plates,iWhere
as at higher transformation temperature (in 0.24% carbon steels), laths

form side by side with a slight misorientation (Figs. 29 and 30),
36 ' '

Oblak and Hehemann’ observed such laths in the upper bainite but not

in lower bainite.. But there is no reason why such laths should not

form in the lower bainite if they are being formed at sufficiently higher

témperatures.’-This is again analogous to thevformation of marteﬁsite
laths at high M tempérétures as has been disc#Ssed in the previbus
section. This.fieQuently observed side by side{nucleated laths in the
bainite of the Various'steels ;nvestigated suggests that the rafe at
which such substructurél units nﬁcleate méy'bé'important'in controlling

the growth rate of balnite, as has beeh proposed by Oblek énd Hehemann36.

- The transition from lower to upper bainite is known3 to take place

around 650°F. But the structure observed in Fig. BO'fér steel 143 trans-

formed at 670° showed almost .all lower bainite, as evidence by the characte-

3

rigite carbide morpﬂology{ Pickering
‘above which no lower bainite forms depends on the carbon content of the
alloy. According to his results this temperaturé is'above 800°F for

0.24% carbon alloys. Thus it is not_sﬁprising that the transformation

at 670°F gives almost all lower bainite in 0.2u% carbon alloy.

C. Toughness of Témpered Martensite and Bainite.

The comparison of toughness between different structures such as

tempered martensite and bainite are fréquently at the same strength levels,

as was done in the present case. Various strength levels in martensite

were achleved by tempering at ?ifferent temperatures. But the toughness

of tempered martensite does not always inérease continuously with increasing

has shown that the maximum temperature

LY
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tempering temperature. In many high strehgth steels the so-called 500°F
embrittlement is observed when tempering in the 400~TOO°F range. This
has been associated with the résolution of e-carbide and simultaneous
precipitation of cementite and the following explanaﬁion haé been given.20
The formation of cementite from e-carbide does not take place in situ,
which is clear from the simple obServaﬁionfthat e~carbide did not pre=~
cipitate preférentialiy on the twin‘boundarieS'where&s the éementite
dids When this more stable carbide precipitates, it is precipitated'
at dislocation intefsections and jogs. Thus, precipitate locked dislb—»-
cafion intersections andbjogs, along with high’dislocétion densities
éivé rfse to a iower ﬁotch toughneSs.‘ But in the present case the em- 
brittlement was observed in almost all the cases around 800°F which is
abové the range éf 400°Fa700°F; Moreover, it was OBServed that tempéring
at 4OO°F gives mainly e-carbide in O.h%'carbon:steels and.at‘800°F mainly.
Fe.;Cs But:in 0.2% carbon steels e—carbide'stéfted to dissolve at still =
lower ﬁempérature than hQO°F. This medns:that the resclution of e-carbide

and the precipitafioh of Fe,C has occurred in between this range. So 1t

b)
is rather difficult to say if the observed embrittlement can be associlated _‘
with the 5bo°F embrittlemente: During the comparisons between various
structufes at.thevsame strength levels}_this embrittled raﬁge was -
" avoided as faf as posgible.: The OBSered toughness differenée between
the various structures can now be related with the observed_structural
differenées.-_Thé following factors appear to be important in controlling.‘
_fhe toughnessvof the various structures. |
R Twinning | 7

‘The mechanical test results have established that at equivalent

-3

strength levels the toughnéss of lower bainite strﬁcture,isvnot always
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superior to the tempered martensitie ones. ‘Only in fhe O.h%.cérbon.
steels which exhibited considerablé twihning did fhe martensite. show péar
toughness comégied to theibainitic structures, which did not exhibit any
twinning, The martensite of 0+24% carbon steels which showed a émall
amount of twinningIPOSsessed a ver& high toughness, compared»to'bdth‘the;‘
Internally twinned‘martenéité and bainite with hovtﬁins. Thus, the rqlé
of iﬁternal-twins in lowering toughness has been demonstrated in two
wayss Firstly thé comparison bétween heavily twinned and the mainly
untwinned martensite shows superior toughness of the létter. Secondly;
when the mértensite is twimmed the correspondiﬁg twin free béinite shows i
a higher toughhess, but When'the ﬁartenSite does not show any twinning,
it has better toughness than the bainite. In fhis second case thé differ=-
_encé in the ﬁoughness between bainite and tembered martensife lies in
'~ the distribution of the carﬁides and.the'aéfahgément of the plates;
whieh will bé:v discussed in the next section, | |

As we have‘seen‘before, in the presence of tWins“thé eémentite
precipitates preferentiaiiy*&li along the twin boundaries; Thus-the‘
carbides are much lqngéf théﬁ if they had precipitated in a twin free .
matrix. iThgse long precipitates of caiﬁides alloﬁ‘a twin béundary to
act-as a strong barrier fof.dislogatiéné’to pile up rapidly.and ﬁucleaté
éleavaée craéks.} Also in the présencé éfAintErnai'twins in U£ nmrten3i£e5
the'slip 1s very much restricted and the deformation mode. is mechanical
twinning._ Krguss and_Pitsch39 have'shbwh that the deformatibn twins can
oceur in:the martensite plate having fine transformation twins. Also |
Richmanho has shown thét slip oceurs in the martensite-up_ﬁo about 0.4%
carbon;:béyqnd which meéhanical twinning becomes effectively the only
plastic deformation mode. Thig;ig consistentvwith the present observations

that at and above 0.4% C the martensite will. show considerable transformation

n
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twins in which case the deformation mode is likely to be mechgniéal
twinning. It is well knownu; that twin intersections are very favor-
able sites for the nueleatiohs of cleavage cracks. Thus it is seen that

the presence of internal twins in the martensite plates is the major

faetor responsible for its lower noteh toughness.

2. Size and Distribution of Ferrite and Carbide

| The ferrite grain size is_véry important in contrblling the tough-
‘ness.)+2 The smaller thenferrite>grain size the greater is fhe energy‘
absorbed,during‘cleévége. In the present éase the ferrite lath size
in the martensite and bainite was'found to Ee very nearly the same. So
’ %héir contribution to the toughness is neérly the same in.both.cases;

| In the O.2h%vstéels,thé martensite consists of a mixture of laths
aﬁd,multidirectional plates, ﬁhereasrthe'bainité in the same steels shows
:predominantly'laths‘ As mentioned before these laths'are separated by
lOW'ahglé bodhdafieg. So the fracturé path wil; be easiervin these
laths compéréd to muitidireétionally arrahgedvplates, inside:an aﬁsténite
grain; Because in the‘laﬁter.éase the fracturé path‘has‘to'change direg~ _
tions_frequently in goihg from>one'gréin $o the other and éo it wili"‘
bé tortured and this Will absorb moré energy; This can_be'one of the
fagtors.respons&ble for the iower-téughneés of the higher temperature
bainites in low carbon steels éompared to the martensites --So ﬁhe bainite
.or the martensite formed.at higher teﬁperétures, which show higher
,Proportion of laths should_haﬁe poor.toughneSSIcbmpared'to’the onesﬂthat_'
have multidirectional platés. ~This 1s véry'true for the case of_bainite
as has beén:éhown 5ut néf‘forvmdrtensite. In'this marténsife.the presencé
of intérnal twiné»in~the plﬁfés’overeiides<this effect and lowers their

toughness, This further’emphasizes_the importance of internal twins in
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the martensite plates in- lowering the toughness.

The size and distribﬁtion of carbidés is also important in con-
trolling the-tdughness. In the twin free regilons of martensite finé
carbides are precipitated in the Widmanstatten pgttern. Hefe the crack'_
propagating through a partiecular ferrite grain cannot avoid the carbide
pafticies [Fig. 24<d)]. This is the'predominént structure of the 0.2L%
carbon marteﬁsites, which show very high toughﬁess values, The structure:
of bainites iﬁ the same steels (e.g. Fig. 29), shows very few, reiativeiy_
coarse carbides here and there in one direction_only; So‘the fracture_
path may not meet any carbides. Thus the iatter structure will offer a |
relatively lower resistance to fracture than tﬁe férmera This eXpiains.
why the lower'bainite in these 0.24% ﬁarbon steels have lower tbughnéss
than the corresponding tempergd martenéites.

It is'comﬁohiy observed that a decfease in volume fraction of thé
hard second phase helps in increasing the .toughness. Obviously the volume
fraction of the carbide is higher for the higher carbon contents, which
contributés to the lower toughness; 'Although the detailed_estimate of
volume fractions of the carbides have nqt been ﬁade for the bainitic and
‘tempered martensitic structﬁres, they do not appear to be greatly different;
waéver; in the lower bainiteviSOthermally transformed at higher tempera~
tures the volume fraction of carbides may be slightly higher which may

contribute to their lower toughness.

%, Grain Boundary Carbides-

| The presence of precipitate at the grain boundaries is.ohe‘of>th¢
well_known reasons for iowering of toughness'and causing intergfanular
fallures It 1s very difficult to avoid su§h grgin boundary precipitation

of carbides. If the precipitates are continuous all along the grain
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boundary they help in nucleatlon of cracks by actlng as strong barrlers
'Ato dlslocatlon motlon and transfer of plastlc strain from grain to graln.n(
The graln boundary carbldes were promlnant in martensite only on tempering
- at higher temperatures and in bainite transformed at higher temperatures.'
Since 1ntergranular failure was'apparently not observed, the fine

| discontinuons oarbides at the lath or plate boundaries,were notlvery
effective to cause intergrenular failure, although some Weakening of the
boundary is.alwaysvthere. This weekeningreffeet can bevtaken o be more
or less‘thelseﬁe while comparing the different martensites tempered at
relativelytlover temperetures. The graln boundary carbldes in the
bainites formed at 600°F in higher than. O.h% carbon steels may also be
somewhat respons1ble for thelr lower toughness compared to the S00°F -

bainite, in addition to the previously'mentioned'factors.

D. Design of Alloys™

The.majoritylof commercially used alloys have been designed by trial
and error. With a better and better understanding of the microstructure,
it is becoming increasingly possible to redesign the alloys.from.more
fdndamental consideratdonSg Usually.one aiﬁs to achieve a high tonghness
at a given strength level. SThe addition of cerbon is heipful in achieving"
high strength levels in the quenched and tempered steels, but their
excessive use is prohibitive because of the 1ncreased tw1nn1ng in marten-
site which severely impairs,the‘toughness. _In such high carbon steels,
the trend should be to go for a fully lower bainitic structure to get
better toughness, Again it is 1mportant to see whether a fully balnltlc
structure can be obtained or not. The presence of virgin martensite,
which severely‘impairs thevstrength and toughness should be completely

avoided, because' the martensitic areas are neither sufficiently fine nor
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sufficiently dispersed to act as efficieht barriers to the'prohagation
'of.cleavage cracks. On the other hand at lower carbon levels the quenched
and tempered structures are ‘the most de51red ones rather than the bainitic
hstructures. One of the aims. of thls work was to see if 1t is pos31ble to‘
find some des1gn parameter ‘such as M temperature of the alloy which can
control the extent of 1nternal twins in the martens1te and hence 1ts
toughness. As seen earller in the s1mple blnary'alloys_llke Fe-C or

Fe-Ni etcs this may'be possible. _But in the preeence of'severai alloying 
elements, which is most often the”Case, thisxis'not possible;'Aif some
sultable parameters could ‘be found that glve a good indication of the |

' extent of 1nternal tw1nn1ng 1n martens1te, 1t may'be possible to des1gn

alloys on that basis. The area of the hyeteresis drop during the martensitic

transformation may be one such parameter.
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V. CONCLUSIONS

i

! . Lo - . . .
1. At similar M temperatures the structure of martensite in a steel

| conta;ning higher carbon~éxhibits greatér amount of internai twihning
than thé low éarbon ones. 'Th#s_éarbon content‘has an influence in pro-
moting inﬁérnalltﬁinning;in the martensite, in addition to its effect
on Ms tempeféture. . o | |

2. Althoggh in siﬁpi%lﬁinéry_Fe;C or FefNi alloys‘MS'temperatﬁre can
vgive sbme indipation of thé‘eX£éﬁt §f iﬁternal twinning in martensite,
it.fails‘when theré arévfwo of mqfe alléying elements. It is suggested
that tﬁe érea of'the.hysteresis.loop of the transformaﬁion may giveva
‘bétter'indication of oécufencévgf twinning. The larger the area, the

greatei is the tendenéy for thé martensite to twin.

3. The narrow martensite laths of ‘about 0.25u width which form within
a group, are separated from each other by low angle boundéfies. The
relatively wider ones of about 1y or greater tend to be twin related

with respect to each other.

4, The ferrite i% lower bainite shows no intermal twinning‘at all.

At lower transformatibn’temperature ferrite is'predominantly plate-

shaped, but the proportignrof laths ihcrease Wiﬁh increasing transfor-
mation temperature.

5. At s{m{i££m§{éid_gnd ultiﬁé%é—ggnsile strength levels all the 0.2l%

carbon steels shoved higher toughness than the 0.4% carbon steels. The
_ toughness difference is primarily due to the difference in the extent of .

internal twinning in the two structures. Increased amount of twirning
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in the high carbon steels reduces its toughneés._

6. On increasing the isothermal transfo?mation temperature, the‘strength"
and toughness.of the bainite decreasé; Thé decrease in tOﬁghness_is
mainly due to the carbide_particle coaréehing and its predfpitation at

the grain boundaries.

T. The toﬁghness of lower bainiteltrénSformed at low'témperatures ig o
) higher than the temperedzmartenSite, that'shows excessiVe_twinning,

when compared at equivalent yield and ténSiie strength levels.

8. The toughness of loWer:bainite is;ﬁpt higher'than‘thewtempered
martensite ﬁhat shows Véry.little iﬁternél twinning. Th;s difference‘
is mostly due to the fact that in these twin freebmartensites the fine .
carbides precipitate in a Widmanstatten pattefn, Whére'as in iOWer ;
bainite small,_slightly coafsér{carbidés‘précipitate'in only oné direc-

tion.

9. The mechanical prqpérties of incompletely transformed Bainitevare

very poor bécause of the presence'of virgin martensite.v

10. The addition of cobalt promotes autotempering by raising N% tempera—"

ture.  The autotempered precipitates is FeBC.in 0.2M% carbon steels.

11. The addition of cobalt in excess of L% decreases the toughnesé..
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~ TABIE T.

Chemﬁcal Composition of the Alloys With Their MS Temperatures

Heat

.52&

o ¢ Mn si Cr Mo VN  Co M Temp. °F

140, 2k | 32 _.11V 50 .51 084 4.9 ko o 700
141 oh 35 086 W8 kg 085 8.k 3.9 590
2 ek 31 .055  LJbh M8 .086 12.5 3.8 498
143 2h sk .13 .57 b9 .08k 5.2 0.5 6o
145 .24 31 .dguA Jbh .uui .075 11.3 7.5 584
502 3 ;Ho _.1h: .52 .5k .087 8,6v 3.97 _h5é
523 .39 .38 .10 <50 .5hl ”;087 11;95 L.0 286

40 RN 0.52. 0.57  0.09 ”8§3 7.2 486
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TARILE II

; _ _ _ *
Mechanical Properties of Tempered Martensitic Structures

H - Tempering Y.S. UTS % 'K, KSI_INl/2
cat H0. Tempersature - X103 psi X105 psi Elongation at -196°C
°F (0.2% off set) '
10 : 1000 166 176 - 13.3 © 51.05
141 Loo ' 176.7 207 9.8 - 135.0
600 . 175.5 : 195.6 - 9.0 118.7
800 ’ 172.2 183 10,17 . - L 9T.75
1000 . 175 182 11.85 115.4
1k . Loo . 173 - o 203 9.35 158.2
600. 175.4- 194.6 10.3 . 139.7
800 173.5 - 186.3 11.91 126.5
1000 S 175.2 - 180.7 12,7 139
143 Loo 175.3 - 205.2 - 9.26 60.9
- 600 172.3 _ 191.6 8.7 65.1
800 163 175.9 - 8.53 70.98
1000 - C161.2 ©170.5 S 1201 52,6
145 koo - - 172.0 - 20%.0 9.5 139.3
600 - 172.5 194.9. S 9.62 . 123,7
800 1743 187 10.77 h7.5
1000 . - 176.2 3 181.9 = 12.13 . 101.35
502 hoo . 226,0 266, k4 8.48 ' ho.1
: 600 . 216.7 - 243,2 T.25 TR
800 ©192.5 - 2243 9.28 - 38.05
1000 , 191.3 . 215.5 - 10.0 . 6L.8
1100 _ 19k.3 211.8 9.76 - Th.6
503 Loo : 229 : 266 8.08 43,5
. 600 208.6 2h2.2 8.88 43,85"
800 ' 9% 230 10.% 36.58
1000 . 190 ' 21k © o 1l.be 63.8.
1100 185.4 211.3 11.80 - 68.15
5L . koo , 251 288 6.78 . 35.6
600 . 237.5 . - 267 - 6.8k 33,
800 21k,5 - 2ko.2 7.6k 29.3
1000 200.1 oe2k,3 8,13 39.2
1200 o 18k.3 195.1 8.91

*Double Tempered at each temperature for 2 + 2 hours.




TABLE ITI

Mechanical Properties of Béihitic Structures

Heat. Isothermal - Transformation Tempering * Y.8. : U.T S.. Elongation Kat 4196°C
No. Transformation- Time in hours Temperature. X103 psi ' ><lO3 psi Ksi - in 1/
Temperature _F °F (0.2% off set) : R
141 620 - 7 ey ' 7 w6 188.2 11.35 . 5h.6
620 o 2L _ 1000 - 17%.56 186 12,95 56.8
143 680 | -y | "K'_138‘u © 16L4.8 10.32 46,2
. 680 oh 1000 152,30 163.9 . 1h.6 hh.25
145 620 IR 24 N | 135.2 200.3 | 12,32 s5h,1
620 ol 1000 176.8 © 191.9 13.6 3.1
2 500 - _— 188 o 232.3 - 10.6 50,5
| 620 28 o . 169.0 212.0 11.3 52.6
| 500 . ook 1000 . 183.0 198.5 12,1 49.2
5oL 550 2k , S 205.L 237.8 7.88 35.7
550 2l © 1000 - - 202,00 - 219.5 8.72 - 32,6,
600 - 2l L . ~18L.5 229.0 6.9 34,1

o

Double tempered at each temperature for 2 + 2 hours

-6~
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' TABIE IV

Comparative Toughness Values of Tempered Mﬁrtensitié and Bainific
Structures at Similar Strength Levels

K at 25°C Ksi~ini/2

K at ~196°C Ksi—inlié_

HEat‘ Strength
No. Jevel
Ksi Tempered ~  Bainite Tempered =~ Bainite
. Martensite Martensite
1h1 Y.S. ~ 173 - - 102 56.8'
UTS ~ 186 - - 98 56.8
D145 YaS. ~ 17T - - 111 731
CUTS -~ 192 - - 9% 73.1
502 T YeS. ~ 190 : - - g 50.5
UTS ~ 230  66.5 90,2 41,5 50.5
5L Y.S. ~ 205 | oy 33.5 35.7
, sk 1 82
UTS. ~ 238 g - 20

35,7
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Transmission electron micrograph of martensite of steel 1h4O.

(a) the martenSite laths nucleated on either gide of the pripr

austenite grain boundary. The laths near A and B are in [111]

and [100] orientations respectively. (b) and (¢) show auto-

tempered precipitates of Fe5

¢ with {110} habit.

Structufé_of:martehsite in steel 142 showing (a) martensite

lath (D) small amount of inﬁerna; twins in a plate.

Twinned and untwinned regions of marténSite of steel 143,

(&) Uneven distribution of twins which reverse contrast in
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the dark field ﬁicrograph in (p). (e) Small'twiné restricted 
£0 the area near the edge of the plate (d) another region show-
ing very little internal twins. |
Figure 13 Martensite in steel 145 (a) Internal twins in the midrib at A.
'.(b) Dark field of the (Qil)T reflection from therselecﬁed : |
aréa diffiactién pattern.ih (e) shéws,reversal of contréSt for
fhe twins and the lath B. This proves that lath A and B are
twin related. ‘(d) Anbther‘region gshowing some possible'fine
internal twins in some of the narrow léths‘_ |
Figure 14 Structure of martensite.is steel lh5.  (&) Groups.of‘parallgl
laths (5) Seleéted aréé'diffraction pattern of the circléd
area in (a), showing £W0 baceCa brienfations [lbo] and -[111],
(c).vDarkvfieldvdf'spot A reverses thé'éontrgst'for‘the group
of laths in [111], (4) Dark fieid of spot B shows only the .
laths in [100] orientatioh. o
Figure 15 Martensite of steei 502 showing in.(a)‘an éxtéﬁsivéiy_twinnéd
| region and in (b) twinned.platés of variéus sizes. |
Figure 16 (a) Bright'field hiérograpﬁ of martensite in steelvsej‘shoWing
internal twinﬁing»(b) Dark field of spot A shows the~t&ins
clearly and also reverses the co.ntra.sti fo'rv ‘the adjacent plaﬁe,
which are twin relaxed. (c) Selected areg'diffraction pattern
showing extra spots due to double diffracﬁioﬁ,:aﬁd stfeaks in
the (112) direction. (d) Indexed diffractién diffraction
pattern. _ - |
Figure 17 (a) High denéity of twinswin the midrid of martensite’pléte
in sﬁeel 523,  (b) Dark field of the streak (see inset) re-
verses contrast foﬁ thé twins.b(c) Ahother region showing slightly

thicker twins.
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.figure 18 Martensite of steel 52k, (a) A high magnification micrograph.-‘
showing high dislocation density and the internal twins Figs;
(b) and (c) éhow varying amounts of twins invdifferent regions.
Figure 19 Martensite of stéel 522 doubléftempered'af 4OO°F for 2+ 2 hours
(a) Bright field micrograph showing internal twinning and fine
precipitates of €-carbide (b) Dark field reveals the internal
twins clearly. (c) Precipitatés of e-carbide in a twin free
region (4d) Dark-field of the same area as in (c) showing
e-cérbides of one family. (e) Bright field ofvanother region -
- showing €-carbides of two families (f) Dark field showé clearly
that some Fe,C of (110) habit has also begun to form at A.
Figure 20 Tempered;mértensiteiof steel 5éhv(SOC?F for 2 + 2 hours). (a)

Precipitates of Fe,C in a twin free region (b) Dark field of

5
the same area as in (a). (c)_Cementite precipitates at the
twin boundaries and also along the grdin-bqundary. (d) park
field of same ares as in (c) showing the reversal of contrast

3 o v
Figure 21 Martensite of steel 522 tempered at 1100°F for 2 + 2 hours. (a)

féf Fe C precipitateé atvthe-twin.boundaries.
Precipitation of cememtite at the twin boundaries and also at
the grain bbﬁndaries;'(b)'Ahother region showing clearly the
'presénce of twiﬁs which areﬁbrpught to better'contrasf by tilt-
ing'aS'inv(g). (d) A twin free region showing spherodization
of cementité ppecipitateé. | v

Figure 22 (a) Maitensite of steel lﬁi tempered at LOO°F for 4 hours show-

ing mainly precipitates.of Fe,C. (b)'Mdrtensite of steel 145

3

tempered at 600°F for ‘4 hours Showing Widman-statten precipitates

of only‘Feic.



Figure 23

Figure,Eh

Figure 25

Figure 26

. Figure 27

b

Structure of tempe red martensite of steel 1k2 after tempering

~for 4 hours at 1000°F., {4) The cementite haé precipitated

at the plate boundaries which can be.ciearly seen in the dark
field micrograph in (b} (c) A twinned region with cementite
pre01p1tated at the twin boundarles. |
Martensite of steel 143 tempered at 1000°F for 4 hours (a)

A tw1nned region shOW1ng fine pr801p1tates of Fe ¢ (b) Dark’

3
field taken from the tw1n reflectlon showing reversal. of con-
trast for the twins (e) Discomtinuous precipitates of carbides
at the lath boundaries. (d) Another twin free region showing

Widman-statten precipitation of ceméntite.

Lower bainite in steel 522 after ithhermal_transformation_at

500°F for 24 hours. (a) An extensive bainite plate with cementité“

in it. (b) Dark field taken from the cementite reflection.

" (c¢) Another region showing side by side nucleated ferrile laths. -

Lower bainite in steel 522 obtained by iSother@al trangformation
at 550°F for 4 hours. (a) Carbides of varying sizes are‘ééen‘
due to sectioning effect., (b) Another region;shéwing the
typlcal lower .bainite structure with carbldes at an.angle to
the long direction of ferrlte 1aths. Notice tha.t carbides are
coarser as compared to Fig. 25. | |
Lower bainife inréteei 5?2 formedvat 600°F aftér'transfor@ing

for 24 hours. (&) Small.carbidés have precipitatéd at the

I'boﬁndaries, an addition.to the ones inside the laths. These

carbides reverse contrast in the ‘dark field as in (b). (e)
Another region showing coarse carbides at the plate boundaries.

(d) Dark field of the same area as in (c).




Figure 28

Figure 29

.Figure'BO

Structure of ibwer bainite.in sﬁéél 524 after'iéotharmai trans-
formation atf§50°F for 2h.hours. (a) Precipitates éf carbides h
an extensive ferrite matrix (v) Anéther region showing the
clasgical lower bainite struétufe. (e) Samerlower bainite
structure showing rather long Cafbides;

Lower_bainite.iﬁ steel 141 obtained by isothermal transformation
at 620°F for 24 hours (a)-Bright field micrograph showing ferrie
laths with small internal carbides (b) Dark field of (1I0) rgflec}
tion showing reversal of contrast for the alternate laths.(c)
Seiected éféa diffracfion pattern of ﬁhevcircled-area'in (a)
showing the group of laths to in~[lll] orientation. |
Lower bainite in éteel 143 after isothermal transformation at
67OQF7for ol hours. (a) Bright field micrograph showing ferrite

laths nucleated on either side of the prior austenite grain

boundary. [If Fig. 10(a)] (b) Dark field of (1I0) reflection

in the SAD as in (c), showing alternate laths to be in the

- same orientation.

Figure 31
Figure 32

Figure 33

Electron fractograph of martensite of steel 142 tempered at

LOO°F for 4 hours, showing typical ductile failure.

Eleétfdn fractographs of martensite of steels 522 tempered
for 4 hours at (a) 400°F (b) 800°F (c) 1000°F.

Electron fraétbgraph of lower bainite of steel 522 after iso-

thermsl transformation at 500°F for 24 hours showing (a) quasi-

cleavage facets (b) elohgatéd.dimples and_(c) equiaxed dimples.
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Fig., 23
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Fig., 32
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with.respect to the use of, or for damages

~ resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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